Context: Thyroid immune-related adverse events (irAEs) in patients treated with programmed death receptor-1 (PD-1) blockade are increasingly recognized as one of the most common adverse effects. Our aim was to determine the incidence and examine the potential mechanisms of anti-PD-1-induced thyroid irAEs.
Results: Thirteen (14%) thyroid irAEs were observed. Thyroiditis occurred in seven patients (54%), from which four recovered. New onset of hypothyroidism overt/subclinical developed in three patients. Levothyroxine dosing required doubling in three patients with a known history of hypothyroidism. Thyroperoxidase antibodies were positive in the minority of the patients [4/13 (31%)] and diffuse increased 18 fludeoxyglucose uptake of the thyroid gland was observed in the majority [7/11 (64%) Conclusions: Thyroid dysfunction is common in cancer patients treated with pembrolizumab. Reversible destructive thyroiditis and overt hypothyroidism are the most common clinical presentations. The mechanism of thyroid destruction appears independent of thyroid autoantibodies and may include T cell, NK cell, and/or monocyte-mediated pathways. Because the thyroid is a frequent target of anti-PD-1 therapies, patients with therapeutically refractory thyroid cancer may be ideal candidates for this treatment. negative regulatory receptors, cytotoxic T-lymphocyte associated protein 4 (CTLA-4) or programmed death receptor -1 (PD-1) on T cells, resulting in a de-repression and/or reactivation of cytotoxic T cell function. Ipilimumab, the first immune check point inhibitor that targeted CTLA-4, resulted in durable tumor responses and an improvement in overall survival in metastatic melanoma patients (1, 2) . Subsequent clinical trials with pembrolizumab, targeting the PD-1 receptor, generated great enthusiasm after demonstrating potent durable responses in patients with melanoma and with comparably less toxicity (3, 4) . Of greatest interest, combination therapies with antibodies to CTLA-4 and PD-1 produced unprecedented clinical activities in advanced melanoma patients, with response rates as high as 40% (5) . Not unexpectedly, the rates of grade 3 or 4 immune-related adverse events (irAEs) were also markedly higher compared with monotherapies (54% vs 24%) (6) .
Currently, the indications for ipilimumab, pembrolizumab, and/or nivolumab have expanded to include unresectable or metastatic melanoma (7, 8) , metastatic non-small cell lung carcinoma (9, 10) , small cell lung cancer (11) , Hodgkin lymphoma (12) , head and neck squamous cell carcinoma (13) , advanced Merkel cell carcinoma (14) , and advanced clear cell renal cell carcinoma (15) . Wider application of these immunotherapies has also resulted in the emergence of a unique array of irAEs, several of which are rather different within the oncology practices. The successes of these therapies across these broad types of cancer patients mandates the development of a keen clinical acumen focused on prompt identification and management of irAEs so that patients can achieve the maximum benefit from these potentially lifesaving therapies.
Endocrinopathies affecting the pituitary and thyroid are emerging as particularly unique, often symptomatic irAEs (16) . Pembrolizumab-induced thyroid irAEs have been reported to range from 3.2% to 10.1% from limited data of phase 2 and 3 clinical trials (4, 17) . Such studies are limited by the lack of standardized diagnostic criteria and terminology used to define thyroid irAEs. Recent studies have begun characterizing the incidence and clinical course of thyroid-related irAEs following immune therapy (18) (19) (20) . There remains limited knowledge of the pathogenesis and the underlying cellular subtypes involved in the development of these irAEs in cancer patients treated with pembrolizumab. A better understanding and characterization of the clinical presentation of thyroid-related abnormalities as well as their potential mechanisms will improve clinical care of these patients and will help identify patients at risk for developing these irAEs and enable ongoing therapy with these highly efficacious treatments. Moreover, understanding the pathogenesis of irAEs, in this case, immune checkpoint-induced thyroiditis, may serendipitously provide data that can be used to design immunebased therapeutic strategies for select patients with advanced treatment refractory thyroid cancer (21, 22) .
The purpose of this study was to comprehensively review and characterize anti-PD-1-induced thyroid irAEs in cancer patients within a single institution.
Our aims in this study were to (1) determine the incidence and clinical presentation of thyroid-related irAEs in cancer patients receiving pembrolizumab and (2) examine the potential mechanisms of anti-PD-1-induced thyroid irAEs by examining alterations in thyroid autoantibodies, thyroid uptake on 18 fludeoxyglucose (FDG) positron emission tomography (PET)-computed tomography (CT) imaging, as well as comprehensively examining the circulating immune cell phenotype of patients with thyroid irAEs.
Materials and Methods
We performed an institutional review board-approved retrospective review of the electronic medical records of 93 cancer patients treated with pembrolizumab at Mayo Clinic Rochester between April 2014 and January 2015 to identify patients that developed thyroid abnormalities. When clinically indicated, pembrolizumab was administered with intravenous infusions of 2 mg/kg every 3 weeks. Screening thyroid function tests (TFTs), consisting of thyrotropin (TSH), thyroxine (FT4 or T4), and/or triiodothyronine, were performed in the majority of patients at baseline and in all patients every 3 weeks while on therapy. Prior treatment with other immunotherapies was recorded. Thyroiditis was defined by the presence of a suppressed TSH (,0.3 mIU/L) level with normal or elevated T4 or triiodothyronine that spontaneously resolved or progressed to overt hypothyroidism. Subclinical hypothyroidism was defined by an elevated TSH (.4.2 but #10 mIU/L) with normal serum FT4 and overt hypothyroidism was defined by elevated TSH (.10) with or without low FT4. Recurrent hypothyroidism was identified in select patients with a history of hypothyroidism and on stable thyroid hormone replacement who, following initiation of pembrolizumab, developed an acute rise in TSH requiring an increased in their levothyroxine dose by .50%.
In selected cases in which stored plasma was available, antithyroid peroxidase autoantibodies (TPO-abs) were measured at baseline and after development of thyroid dysfunction. When available, baseline and posttherapy 18 FDG-PET/CT images and reports were reviewed for the presence or absence of increased 18 FDG uptake within the thyroid gland. Thyroid uptake and scans were reviewed, as were TSH receptor antibodies (TRabs) and thyroid-stimulating immunoglobulin results were collected.
Peripheral blood immunophenotyping by flow cytometry
To characterize the circulating phenotype of patients with thyroiditis/hypothyroidism, we formed flow cytometry analyses on peripheral blood samples collected in K 2 EDTA tubes (Becton Dickinson, Franklin Lakes, NJ) from seven patients who developed anti-PD-1-induced acute thyroiditis and/or hypothyroidism. These profiles were compared with 45 healthy volunteers and nine patients with autoimmune thyroid disease (seven cases of Hashimoto disease and two cases of Graves disease) (Supplemental Table 1 ). Flow cytometry was performed enabling absolute cell number quantifications as well as relative percentages (23) .
Unmanipulated whole blood was stained with antibodies directly. Flow cytometry was performed on the three-laser, 10-color Gallios Flow Cytometer (Beckman Coulter, Brea, CA). All procedures, antibodies, flow protocols, instrument settings, and gating strategies have been previously described by Gustafson et al. (23) . Analysis of flow data was performed using Kaluza (Beckman Coulter) software. Descriptive statistics were used to determine mean and standard deviation or median and ranges depending on data distribution, whereas categorical data are shown as a percentage. Comparisons between different cohorts were tested for statistical significance via the Mann-Whitney nonparametric t test. All graphical representations and statistical analyses were performed in Prism 7 (GraphPad, San Diego, CA).
Results
From our cohort of 93 cancer patients, with a median age of 59 (range, 24 to 82), 13 (14%) developed abnormal TFTs following initiation of pembrolizumab with a median follow-up of 8 months (range, 3 to 41). The clinical characteristics of these cases are presented in Table 1 . Twelve of the 13 patients had metastatic malignant melanoma and one non-small cell lung carcinoma. The majority of patients (10 of 13) received ipilimumab (4 mg/kg every 4 weeks for a total of four cycles) before pembrolizumab. Of the 13 cases, seven (54%) developed acute thyroiditis, three of which progressed to hypothyroidism, whereas four patients resolved to euthyroid levels. Two patients (15%) developed new-onset hypothyroidism, one (0.7%) transient subclinical hypothyroidism, and three (23%) recurrent hypothyroidism (Fig. 1) . The cause of hypothyroidism in patients 8, 9, and 10 ( Table 2 ) before initiation of pembrolizumab were ipilimumab-induced, interferoninduced, and primary hypothyroidism, respectively. There was no sex predilection for thyroid-related irAEs (P = 0.56). The median time of onset of abnormal TFTs following pembrolizumab was 6 weeks (range, 4 to 28; i.e., within the first two cycles of pembrolizumab infusion). Cases of transient thyroiditis were mild and were managed conservatively without the need of initiation of beta-blocker therapy, steroid therapy, or any antithyroid medications. Patients returned to a euthyroid state in a median time of 6.5 weeks (range, 4 to 14 weeks).
In the majority of the cases (12 of 13), TPO-abs were available at the time of abnormal TFTs ( Table 2. ). In six of seven available cases of thyroiditis, TPO-abs were negative. TPO-abs were positive only in four of 13 cases (median 29 IU/mL), and the majority of these (3/4) were in patients with a preexisting diagnosis of hypothyroidism (Table 2 ). In four patients with pembrolizumabinduced thyroiditis, we evaluated TPO-abs levels at baseline using stored plasma samples (Table 3) . Two patients had positive TPO-abs at baseline (median, 408 IU/mL), with one progressing to new-onset subclinical hypothyroidism, whereas the other developed recurrent hypothyroidism requiring a .50% increase in their levothyroxine dose. Two patients that developed thyroiditis with negative TPO-abs at the time of abnormal TFTs had negative TPO-abs at baseline. Finally, we measured TPO-abs from stored serum in 11 patients treated with pembrolizumab that did not develop thyroid abnormalities; none was found to have elevated TPO-abs at baseline. In six of seven cases of thyroiditis, TRabs titers were tested and were negative, making Graves-like disease an unlikely etiology. In the patient without available TRabs, the FT3/FT4 ratio was 3.4, suggesting that a destructive thyroiditis was the most likely underlying process (24, 25) . In addition, thyroid uptake and scans were performed in two of seven cases presenting with thyrotoxicosis and both scans demonstrated suppressed iodine uptake, consistent with an acute destructive thyroiditis (Table 2 ).
All 13 patients with thyroid irAEs underwent 18 FDG PET/CT imaging at some point in their oncologic surveillance (Table 2) . Increased thyroid 18 FDG uptake at the time of abnormal TFTs was noted in 7/11 (64%) available cases. New diffuse 18 FDG uptake in the thyroid gland after initiation of pembrolizumab therapy compared with baseline was identified in 6/9 patients (67%). The median time of onset of new FDG thyroid uptake was 12 weeks. We observed two patients with baseline diffuse increased 18 FDG uptake in the thyroid; one developed transient thyroiditis and the other worsening hypothyroidism.
Although not the main focus of this study, from the total cohort of 93 patients, 14 (15%) developed ipilimumab-induced hypophysitis before the first infusion of pembrolizumab, consistent with published data (26) . An additional two cases of hypophysitis were identified immediately after the first cycle of pembrolizumab, but each had received ipilimumab within 4 months, supporting an ipilimumab-induced effect (26) .
Because the clinical features of pembrolizumabinduced thyroid irAEs seem to overlap with that of autoimmune thyroid disease, we examined whether there was similar immune cell involvement in these two settings. We performed prospective comprehensive immune phenotyping of the blood of seven patients that developed anti-PD-1-induced thyroiditis and compared these patterns with healthy volunteers and patients with autoimmune thyroid disease (Supplemental Table 1 ).
Autoimmune patients exhibited substantial increases in CD3 + T-cell counts (cells/mL) and both CD4 + and CD8 + T-cell subpopulations (Fig. 2) . Additionally, other T-cell subsets such as gD T cells and CD56 + CD3 + natural killer (NK) T-cell counts were elevated in autoimmune patients (Fig. 2) . However, we saw no such increases in + NK cells were elevated in both autoimmune and pembrolizumab-induced thyroiditis patients. Paradoxically, "immature" CD56 br CD16 2 NK cells were decreased in pembrolizumab-induced thyroiditis patients, whereas they were elevated in autoimmune patients. Loss of HLA-DR expression on CD14 + monocytes is a mechanism by which melanoma tumors cause systemic immunosuppression (27) . We found that pembrolizumabinduced thyroiditis patients exhibited a substantial decrease in the number of immunosuppressive monocytes that have low HLA-DR expression (CD14 (Fig. 2 and data not shown). These data suggest that the absolute numbers of T-cell subsets may play a role in autoimmune disease that is not necessarily reflected in the pembrolizumab-treated patients. Monocyte activation, through upregulation of HLA-DR may be a potential mechanism of pembrolizumab-induced thyroiditis. Circulating T cells expressed very low levels of CTLA-4, and we saw no statistical differences in any of the comparisons (data not show).
Because PD-1 blockade restores T-cell function, we hypothesized that perhaps the activation of T cells through a PD-1-dependent pathway, may also contribute to pembrolizumab-induced thyroiditis. Therefore, we compared PD-1 levels on T cells from these groups. Figure 3(a) shows the gating strategy for detecting PD-1 on both CD4 + and CD8 + T cells. As expected, there was no detectable surface expression of PD-1 on T cells from pembrolizumabinduced thyroiditis patients; on the contrary, PD-1 expression on T cells from autoimmune patients was not different e TPO, ,9 IU/mL.
f Thyroid uptake/scan negative.
g Levothyroxine dose doubled.
than healthy volunteer controls [ Fig. 3(b) ]. As such, whereas the role of PD-1-dependent T-cell activation may contribute to T cell-mediated destruction of the thyroid in pembrolizumab-treated patients, the role of PD-1 in the autoimmune setting seem less likely, consistent with known antibody-mediated mechanism for the latter (28) . These data provide additional support for a distinct pattern of immunemediated thyroid destruction in autoimmune patients compared with pembrolizumab-induced thyroiditis patients.
Discussion
Immune checkpoint inhibitors, by blocking CTLA-4 and/ or PD-1, result in reactivation of antitumor cytotoxic T cells and induce potent anti-tumor responses that are revolutionizing cancer therapies. PD-1 is a type 1 transmembrane protein of the immunoglobulin superfamily (29) that is minimally expressed on resting immune cells. Upon activation through inflammatory signals, PD-1 receptor expression becomes broadly induced not only on T cells, but also on B cells, NK cells, NKT cells, dendritic cells, and macrophages (30) . Binding of PD-1 to its ligands PD-L1 or PD-L2 induces negative regulatory signals resulting in inhibition of T-cell proliferation, cytokine production, and cytotoxic activity; a mechanism of controlling inflammation. PD-L1, the most abundant of the two ligands, is constitutively expressed on the surface of multiple tissue types, including hematopoietic cells and tumor cells. Expression of PD-L1 by the tumor cells results in "T-cell exhaustion," allowing tumor cells to escape host immune surveillance (31) .
CTLA-4, the first identified negative regulatory receptor on T cells, like PD-1, is expressed at the cell surface of activated cytotoxic T cells and may dampen antiimmune responses. In antitumor immunity, tumorderived antigens are recognized and processed by antigen-presenting cells (APCs) and presented to naïve T cells via major histocompatibility complex class II molecules; costimulatory B7 ligands on APCs bind to T-cell receptor and C28 on T cells, respectively, resulting in a cytotoxic T-cell activation and antitumor immunity. Once activated, however, cytotoxic T cells upregulate CTLA-4 receptors on their cell surface, which have higher affinity for B7 than CD28. This results in a physiologic "break" on the T-cell activation leading to "T-cell exhaustion" (32) . Monoclonal antibodies blocking negative regulatory pathways (i.e., against CTLA-4, PD-1 or PD-L1) may lead to a derepression and/or reactivation of cytotoxic T-cell activity that in cancer patients may translate into potent antitumor immune responses. Despite their common negative regulatory effects on T-cell functions, PD-1 and CTLA-4 have distinct effects on the immune system. For example, CTLA-4-deficient mice exhibit rapidly progressive, fatal lymphoproliferative disease, characterized by multiorgan T-cell infiltration and death by 3 to 4 weeks of age (33, 34) . PD-1-deficient mice, on the other hand, develop a delayed-onset, organ-specific autoimmunity (such as lupus-like arthritis, glomerulonephritis, and autoimmune-dilated cardiomyopathy) that appears in autoimmune-prone mice and in an age-dependent manner (35) . These observations suggest that the CTLA-4 pathway modulates the early-phase activation followed by repression of naïve or memory T cells, and absence of CTLA-4 results in a generalized systemic autoimmune process (36) . PD-1, on the other hand, appears to modulate the activity of T cells in the periphery during active inflammatory processes (such as chronic inflammation, viral infection, or cancer), thereby limiting autoimmunity in conditions of persistent antigen stimulation (37) and absence of which may result in tissue-specific autoimmunity.
Distinct irAE profiles are thus not surprisingly noted between anti-PD1 and anti-CTLA-4 therapies. In cancer patients treated with ipilimumab, comprehensive review of endocrine irAEs show that hypophysitis occurs in 0% to 17% (26, 38) , whereas thyroiditis/ hypothyroidism is less frequent, 1.5% to 9% (1, 39) . In contrast, in our study and consistent with others, anti-PD-1 immunotherapies show a reversed immune toxicity profile with a ,1% incidence of hypophysitis (38) and a much higher incidence (3% to 21%) of thyroid abnormalities (18) (19) (20) , recognizing, however, that our study was not a comprehensive review of PD-1-induced hypophysitis.
Data examining the underlying pathogenesis of irAEs have been sparse; however, several studies on anti-CTLA-4-induced irAEs have identified tissue-specific mechanisms involving T cells, cytokines, and/or antibody-mediated destructive processes. Histological data derived from patients with anti-CTLA-4 induced enterocolitis have shown a neutrophilic and/or lymphocytic inflammation of the small bowel mucosa with an increased infiltration of CD8 and CD4 T cells (40) . In mouse models with anti-CTLA-4-associated hypophysitis, an antibody-dependent toxicity was observed by circulatory anti-TSH and antiprolactin antibodies and deposition of complement in CTLA-4-expressing pituitary cells (41) . Finally, a cytokine-mediated toxicity (interleukin-17) has been shown to contribute to anti-CTLA-4-induced enterocolitis (42) .
Studies on the pathogenesis of anti-PD-1-induced irAEs are even more sparse, with some data indicating a depletion of both regulatory T cells and B cell-mediated mechanisms in patients with autoimmune bullous pemphigoid (43) . In mice, data show that blocking PD-1 leads to activation of B cells and development of B-cell germinal centers, favoring a humoral rather than a cellular-mediated autoimmune response (44, 45) .
In our study, we have identified thyroiditis, either acute and self-limiting or progressing to hypothyroidism, as the most common endocrine irAE following PD-1 blockade, which is perhaps not unexpected given that autoimmune thyroid disease represents the most common autoimmune disease. Limited data suggest that genetic susceptibilities linked to HLA phenotypes, as seen in autoimmune diabetes (46) and thyroid diseases (47), or polymorphisms in either CTLA-4 (48), PD-1, or cytokinerelated genes, may alter immune responses and/or increase thyroid autoimmune susceptibility (49) (50) (51) . Further studies are needed to determine whether immune checkpoint inhibitor-induced thyroiditis shares the same pathophysiological fingerprint with autoimmune thyroid disease.
To identify potential immune phenotypes that may mediate pembrolizumab-induced thyroiditis, we took a comprehensive system-based approach to measure peripheral blood leukocytes and compared these profiles with patients with autoimmune thyroid disease. Hashimoto thyroiditis, the most common autoimmune thyroid disease, involves complex immune responses, which include APCs and CD4 + T helper cells that activate CD8 + T cells, resulting in direct tissue injury and thyroid antigen exposure. The latter leads to B-cell activation and differentiation into plasma cells, resulting in expression of thyroid-restricted antibodies that in turn lead to an antibody or complement-dependent thyroid cell destruction. Secretion of inflammatory molecules (i.e., interferon-g) by the thyroid itself may further enhance the autoimmune destructive process, ultimately resulting in a diffuse lymphocytic infiltration, generation of lymphoid germinal centers, and destruction of thyroid follicles (28, (52) (53) (54) .
In our study, we illustrate by flow cytometry a complete loss of circulatory PD-1 + T cells (Fig. 3) , consistent with pembrolizumab treatment that may either have interfered with fluorescence-activated cell sorter detection and/or may have resulted in loss of these circulating cell types. Autoimmune thyroid patients had PD-1 levels similar to healthy volunteer controls but had a broad increase of NK-cell and T-cell subpopulations, including CD4 + T helper cells, CD8 + cytotoxic T cells, gD T cells, and NKT cells. Patient with pembrolizumab-induced acute thyroiditis exhibited unique phenotypic differences from autoimmune disease patients, which included a decrease in immature NK cells (CD56  br CD16 2 ) as well as a decrease in CD14 + HLA-DR lo/neg immunosuppressive monocytes.
Our group has shown that the latter are elevated in a variety of cancer patients and associated with immunosuppression via several mechanisms (55) ; reductions in this cell type may increase risks for autoimmunity. Taken altogether, the data from this study suggest that there are phenotypic differences between autoimmune thyroid patients and pembrolizumab-induced thyroiditis patients. These potential biomarkers may provide avenues toward understanding pathogenesis of immune checkpoint inhibitor-induced irAEs as well as in identifying patients at risk for developing pembrolizumabinduced thyroiditis.
The role of thyroid autoantibodies in the pathogenesis of and/or in predicting an increased risk for anti-PD-1-induced thyroid abnormalities remains unclear. Acknowledging our small sample size and the absence of baseline TPO-abs in the entire cohort, our data, similar to a recent study (20) , suggest that TPO-abs are uncommonly associated with immune checkpoint-induced thyroid dysfunction, given that the majority of patients with abnormal TFTs had negative TPO-abs, signifying an antibody-independent mechanism or the presence of other thyroid autoantibodies not presently measured. However, high TPO-abs titer at baseline or history of hypothyroidism predicts an increased risk of worsening/ recurrent hypothyroidism following treatment with anti-PD-1, and close follow-up of this patient population is needed. In the study of Osorio et al. (18) , antithyroid antibodies were present in the majority of patients that developed anti-PD-1 thyroid dysfunction (80% vs 8%, P , 0.0001). However, it is unclear whether the presence of thyroid autoantibodies is the cause of thyroid dysfunction or the result of a humoral immunological response to thyroid antigens released during a destructive thyroiditis process.
We now appreciate that the majority of patients with anti-PD-1-induced thyroiditis develop diffuse increased 18 FDG uptake on PET/CT in the thyroid (Supplemental Fig. 1 ), similar to a recent study (20) . In our cohort, 67% of patients with abnormal TFTs had diffuse increased 18 FDG uptake of the thyroid following pembrolizumab treatment, with median time of onset of 12 weeks. A similar pattern of 18 FDG uptake is commonly described in patients with chronic lymphocytic Hashimoto thyroiditis (56) and to a lesser extent in Graves disease (57); again, in line with an intense inflammatory process. Although focal uptake in the thyroid may represent thyroid cancer, this pattern of diffuse uptake is more consistent with inflammation rather than of a malignant process, either primary or metastatic. Future studies, including fluorescence-activated cell sorter and/or histologic characterizations of thyroid tissues following anti-PD-1-induced thyroiditis may significantly expand our understanding of the cell types mediating thyroid destruction.
Clinically, in our comprehensive retrospective study of pembrolizumab-treated cancer patients, the incidence of thyroid abnormalities was 14% higher than that reported in clinical trials (3, 4) , but consistent with more recently published studies (18) (19) (20) , likely because of rigorous diagnostic criteria applied. Thyroiditis (54%) was the most common thyroid abnormality, with spontaneous recovery in four of seven (57%) cases. Because no cases of Graves-like hyperthyroidism were noted, observation rather than additional diagnostic testing and/or antithyroid drugs is the recommended approach (19) . In patients with preexisting thyroid disease, recurrent severe hypothyroidism (median TSH, 83) not attributable to colitis or other medications known to increase hepatic metabolism of levothyroxine (e.g., phenytoin, rifampin), developed in three patients (23%), necessitating a doubling in thyroid replacement. Thus, close monitoring of patients on thyroid hormone replacement when initiated on pembrolizumab therapy is required.
Strengths and limitations
Our study is a comprehensive review of pembrolizumabinduced thyroid irAEs, using well-established diagnostic criteria in a large number of cancer patients receiving pembrolizumab. This study describes the immunological features of cancer patients treated with anti-PD-1 using immune phenotyping data results. Up to now, studies have based their conclusions of the underlying mechanisms using solely serum thyroid antibody measurements (18) and/or results from 18 FDG PET/CT imaging studies (20) . Our analysis, although comprehensive and performed at a center with an extended experience in cancer patients treated with immune check point inhibitors, has limitations. Both the retrospective nature of the analysis and the limited comprehensive endocrine evaluations in many patients represent challenges in accurately diagnosing endocrine irAEs. The majority of the cancer patients were pretreated with ipilimumab, which may influence susceptibility for other irAEs following anti-PD-1 therapy. Although our data represent a comprehensive investigation of circulating immune phenotypes in thyroiditis patients, the relative small number of samples does limit definitive conclusions, but may be hypothesis-generating. Furthermore, we acknowledge that some immunophenotypes may be affected by the melanoma itself. We have previously reported that HLA-DR expression on intermediate monocytes is downregulated in stage 4 untreated melanoma patients (27) , whereas in this study, intermediate monocyte HLA-DR was significantly increased in pembrolizumab-induced thyroiditis patients. As such, additional longitudinal studies are warranted to dissect the contributions of the cancer and the checkpoint inhibitors on the immune system. This study investigates the underlying involved mechanism of thyroid irAEs in patients receiving anti-PD-1 using this technique.
Conclusion
In summary, the incidence of anti-PD-1-induced thyroid irAEs is high. Results from our study, similar to others (18) (19) (20) 39) , demonstrate a relatively uniform pattern of an acute but transient thyroiditis, biochemically accompanied by thyrotoxicosis, which may be striking, followed by resolution or progression to hypothyroidism. We observed an increase in peripheral CD56 + CD16
+ NK cells and HLA-DR surface expression of intermediate monocytes in patients with anti-PD-1-induced thyroid irAEs. Understanding the clinical presentation and management of these irAEs allows optimized patient care, ensures continuation of lifesaving therapies, and offers the opportunity to investigate common and otherwise rare autoimmune-mediated processes such as thyroiditis and hypophysitis. Further investigations into the immunologic mechanisms contributing to the development of these irAEs are needed. Given the propensity of anti-PD-1 alone, or in combination with anti-CTLA-4 antibodies, to target the thyroid, harnessing this effect may prove relevant for patients with advanced, therapeutically refractory thyroid cancers.
